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Abstract
The mechanical joining technique self-pierce riveting is becoming more and more important for high-volume car production. Therefore further 
developments regarding the flexibility and consistent quality of the mechanical joining technology are necessary. This paper shows a numerical 
analysis of the most influential tool parameters as well as the influence of varying boundary conditions on the joining result for self-pierce 
riveting. Furthermore a new concept for improving quality and flexibility of the process by using an advanced die system in combination with 
cyber-physical-systems is introduced.
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1. Self-pierce riveting
The mechanical joining technique self-pierce riveting with 
semi-tubular rivets (SPR-ST) can be separated in three steps 
and is shown in Fig. 1.
At first the parts and the rivet are positioned between 
punch, blank holder and die (Fig. 1, I.). Next, the punch 
presses the semi-tubular rivet into the parts. Due to the cutting 
edge of the rivet, a slug is punched out of the punch-sided part 
and enclosed inside the rivet (Fig. 2, II.). Following, the shape 
of the die causes the rivet to expand and creates an interlock. 
At the end, the cavity of the die can be completely filled with 
material (Fig. 1, III.). [1]
The main application area of self-pierce riveting is joining 
mixed compounds (e.g. steel and aluminum) and material 
combinations such as aluminum-aluminum. Up to four parts 
can be joined and the SPR-ST process is well suited to be 
combined with adhesive bonding (hybrid joining). [2]
SPR-ST joints are assessed on the basis of various 
characteristic values (Fig. 2). By these values proper joints are 
defined. The interlock between the rivet foot and the die-sided 
material is the most important value because it reflects 
directly on the joint strength.
Fig. 2. Self-pierce riveting joint geometry with most important values.
Fig. 1. Process steps of self-pierce riveting with semi-tubular rivet 
(SPR-ST) [1].
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Fig. 5. Geometrical influences of the die on interlock.
2. Simulation Model
In the here presented investigations the SPR-ST process of 
two 6xxx aluminum alloys with a thickness of t = 2.0 mm
with a standard steel rivet C 5.3 mm x 5.5 mm is considered. 
For the numerical investigations a 2D rotationally 
symmetric simulation model in DEFORM V11 was build up. 
To validate the simulation model a representative cross 
section and force displacement curve for one out of five 
experimental samples is compared to the results of the 
simulation (Fig. 3). The simulation is in good agreement with 
experiment, whereby the numerical model can be used for the 
following sensitivity analyses.
3. Sensitivity analysis for geometrical parameters of the 
die
One of the most influential input parameter for an SPR-ST 
joint is the geometry of the die [3]. To achieve knowledge 
about the systematic interactions between joining result and 
die geometry a sensitivity analysis regarding the different die 
parameters (Fig. 4) is carried out. 
Fig. 4. Variated geometrical parameters of the die.
The ranges in which these parameters vary can be seen in 
Table 1. All other geometric parameters of the die have 
constant values. These values are similar to the reference die 
of the validation. The design of experiments (DoE) was 
calculated on the base of an advanced latin hypercube 
sampling (ALHS) [4], where 51 different designs are 
generated. All analyses which were made, as well as the 
compiled ALHS, are executed with the software OptiSlang 
4.1.
Table 1. Variated parameters and ranges first sensitivity analysis.
Parameter Minimum value Maximum value
DMD in mm 9.00 11.00
DMT in mm 7.50 8.50
dD in mm 1.20 2.00
dT in mm 0.20 0.60
Į in ° 5.0 15.0
Additionally to the geometrical output parameters 
interlock, thickness around the rivet foot of the die-sided 
blank and foot diameter of the rivet (Fig. 2), the maximal 
joining force and the damage value of the die-sided blank at 
the end of each simulation are evaluated. The used damage 
criterion normalized Cockroft & Latham DnormC&L is based on
first principal stress ı1, equivalent stress (von Mises) ıv and
effective strain ĳv [5]:
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The quality of the prognosed models for these output 
parameters is measured by the Coefficient of Prognosis (CoP)
[6]:
ܥ݋ܲ = 1െ  ܵܵா
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                                                         (2)
The numerator SSE
Prediction in equation (2) is the sum of 
squared prediction errors, the denominator SST is equivalent to 
the total variation of the output parameter. If the CoP is large, 
it means that the predicted errors are small and a good 
prognosis of the output parameter can be made. [6]
Fig. 5 shows, that a varying of interlock is mainly 
influenced by a varying of the depth of die dD (78 %) at the 
Fig. 3. Validation of the simulation model for SPR of EN AW-6016 T4 
(t = 2.0 mm) in EN AW-6016 T4 (t = 2.0 mm).
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considered material and parameter combination. There is also 
a certain influence of the diameter of die DMD and thorn DMT,
but not in the same level as the depth of die dD.
In the metamodel in Fig. 6 can be seen, how a variation of 
depth and diameter of the die influences the interlock. With a 
decreasing die depth dD the interlock increases noticeably.
Furthermore shows the surface, that an increasing die 
diameter DMD leads to an increasing interlock. The influence 
of die diameter DMD is quiet small, but certainly not 
negligible.
Fig. 6. Metamodel of interlock on base of diameter and depth of die.
The damage value of the die-sided blank is a relevant
parameter to predict cracks in the joint. As Fig. 7 shows, the 
depth of the die dD is the most important input parameter
regarding the damage value in the die-sided blank.
Fig. 7. Geometrical influences of the die on damage value (die-sided blank).
The surface plot of the metamodel in Fig. 8 illustrates, that 
the risk of damage in the die-sided blank rises with increasing 
die depth dD. In comparison has an increasing diameter of die
DMD only a small influence on the damage value at the 
considered material and parameter combination, even though 
it is not comparable to the dependence of the depth of die dD.
In order to demonstrate the quality of the approximation of 
each output parameter additional simulations are computed 
with extreme values of (Table 1) dD = 1.2 mm and 
DMD = 11 mm. 
Fig. 8. Metamodel of damage (die-sided blank) on base of diameter and depth 
of die.
Because these two parameters have the most influence on 
the output values, a variation of the other input parameters 
should not result a great variation on the output values 
(Simulation 1: DMT = 7.8 mm, dT = 0.2 mm, Į = 10°;
Simulation 2: DMT = 8.3 mm, dT = 0.5 mm, Į = 5°). Results of 
both simulations as well as the predicted values of the 
metamodel are in Table 2.
Table 2. Results of two additional simulations to evaluate the prediction of 
the metamodel.
interlock 
u in mm
joining 
force F
in kN
thickness 
around 
rivet foot 
tr in mm
damage 
DnormC&L
foot 
diameter 
df in mm
Simul. 1 0.25 48.4 0.52 0.501 7.23
Simul. 2 0.24 47.8 0.47 0.485 7.29
Metamodel 0.26 48.3 0.50 0.471 7.13
The quality of prediction of the metamodel can be 
classified as good, due to the fact that the rate of each output 
value of the simulations to the predicted ones neither falls 
below nor exceeds 90 %.
4. Sensitivity analysis for blank variations 
In production the die geometry, rivet and blank holder 
should be constant and the joining results mainly depend on 
the variation of the blanks to be joined [7]. In addition to the 
general tolerances of the blanks these variations can be caused 
by the pre deformation of the blanks due to the deep drawing 
process or when considering 6xxx aluminum alloys also the 
cold curing of the aluminum material. Following a sensitivity 
analysis regarding these variations is presented.
Analog to [8] for each blank uncertainties for blank 
widths, variation of material strengths and pre deformations 
are part of this analysis, where similar to the first one, 51 
different designs are computed and simulated. The variation 
of the blank widths is based on [9], variated ultimate tensile 
strengths for the used aluminum alloy can be found in [10]
and ranges for pre deformations are adopted from [8]. Note
that each blank considered independently, so that there are six 
input parameters (Table 3).
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Table 3. Variated parameters and ranges second sensitivity analysis.
Parameter Minimum value Maximum value
blankwidth in mm 1.84 2.16
ultimate tensile strength in N/mm² 170 250
pre deformation in % 0.0 0.2
The variation of the ultimate tensile strengths is 
implemented as a parallel translation in yield stress direction 
of the approximated flow curve around the value of 237.5 
N/mm². Analog is a variated pre deformation included by a 
parallel translation in strain direction (Fig. 9). [8]
Fig. 9. Schematic translation of approximated flow curve.
The results in Fig. 10 show, that a variation of the pre 
deformation of the punch-sided blank can mainly explain an 
alteration of interlock (53 %) at the considered material and 
parameter combination.
Fig. 10. Blank variation influences on interlock.
Furthermore are the punch-sided blankwidth (26 %) and 
the pre deformation of the die-sided blank significant (10 %) 
for the explanation of the variation of the mentioned output 
value. The interlock is increasing with a decrease of the 
punch-sided pre deformation. The same conclusion can be 
made for the blankwidth on the punch side although in a 
weaker form (Fig. 11).
Fig. 11. Metamodel of interlock on base of punch-sided pre deformation and 
punch-sided blankwidth.
Similar to the interlock, the pre deformation of the punch-
sided blank is also the parameter, which has the main 
influence on the damage of the die-sided blank (Fig. 12). 
Furthermore also depends the damage significantly on the 
ultimate tensile strength of the punch-sided blank.
Fig.12. Blank variation influences on damage value (die-sided).
Concerning the damage of the die-sided blank, the
increasing pre deformation and ultimate tensile strength of the 
punch-sided blank increases the damage level (Fig. 13). It can 
be assumed that these input parameters reflect highly on the 
spreading of the rivet and therefore on the forming of the die-
sided blank.
Fig. 13. Metamodel of damage (die-sided blank) on base of punch-sided pre 
deformation and punch-sided ultimate tensile strength.
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5. Improving flexibility of self-pierce riveting
The results of the different sensitivity analyses show that 
the depth of the die has the biggest influence on the joining 
result in respect to the geometry of the die. Also the variations 
in the blanks can lead to inconsistent joining results which can 
lead to quality issues in automotive production. Currently it is 
not possible to react with the SPR-ST process on variations of 
the boundary conditions. Therefore an alternative die concept 
for self-pierce riveting is suggested in which the die is 
separated in two parts and the die bottom is moveable (Fig.
14) [11].
With this flexible die tool it is possible to change the 
bottom of the die right before every setting of the rivet. Due to 
the significant influence of the die depth (Fig. 5 & 7) it is 
possible to compensate changes of the boundary conditions, 
such as variation of the blanks, by changing the depth of the 
die and generate a constant joining quality. 
6. Using cyber physical systems to improve self-pierce 
riveting
The digitization of production also called "Industry 4.0" is 
a major topic in today’s production research. In this research 
field machines are networked together and cyber physical 
systems are used to increase the level of automation and 
product quality. Therefore additional data about the different 
processes are necessary that is why the number of sensors to 
monitor the production processes increases. [12]
As a joining technology in an automotive process chain 
there are several processes which could provide meaningful 
input data to adjust the self-pierce riveting process with the 
above shown die concept to the existing boundary conditions.
For example from the deep drawing process of the parts to 
be joined the material properties such as pre deformation or 
hardening condition of the aluminum blanks could be derived
to adapt the riveting process [13].
Another example is hybrid joining. In many cases the self-
pierce riveting process is combined with adhesive bonding. 
Thereby the applied adhesive volume influences the geometry 
of the self-pierce riveting joint [14]. The information about 
the real amount of applied adhesive can thus be used to adjust 
the joining process, thereby achieving constant joining results 
with the optimal die depth.
To achieve this high degree of automation reliable 
metamodels are necessary, which reflect the interactions 
between fluctuating boundary conditions and input parameters 
for the joining process (section 4). In addition, these 
metamodels need to be linked with the sensors and actuators 
of the respective machines. In this paper the new tool concept
with adjustable die bottom is suggested as actuator for self-
pierce riveting (Fig. 14).
Conclusion
The presented results show fundamental knowledge about 
the influence of the die parameters and variation of boundary 
conditions on the joining result for self-pierce riveting with 
semi-tubular rivets. Furthermore the sensitivity analysis
displays the great potential of the showed alternative die 
concept for self-pierce riveting with adjustable die bottom to 
improve flexibility and quality of this important mechanical 
joining technique. With this tool concept it is possible to link 
the joining process to other previous processes in automotive 
production and react to the variation of boundary conditions 
to improve joining quality with a high degree of automation.
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